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ABSTRACT
Dynamic characterization of mechanical properties of dust aggregates has been one of the most impor-
tant problems to quantitatively discuss the dust growth in protoplanetary disks. We experimentally
investigate the dynamic properties of dust aggregates by low-speed (. 3.2 m s−1) impacts of solid
projectiles. Spherical impactors made of glass, steel, or lead are dropped onto a dust aggregate of
packing fraction φ = 0.35 under vacuum conditions. The impact results in cratering or fragmentation
of the dust aggregate, depending on the impact energy. The crater shape can be approximated by
a spherical segment and no ejecta are observed. To understand the underlying physics of impacts
into dust aggregates, the motion of the solid projectile is acquired by a high-speed camera. Using
the obtained position data of the impactor, we analyze the drag-force law and dynamic pressure in-
duced by the impact. We find that there are two characteristic strengths. One is defined by the
ratio between impact energy and crater volume and is ≃ 120 kPa. The other strength indicates the
fragmentation threshold of dynamic pressure and is ≃ 10 kPa. The former characterizes the apparent
plastic deformation and is consistent with the drag force responsible for impactor deceleration. The
latter corresponds to the dynamic tensile strength to create cracks. Using these results, a simple
model for the compaction and fragmentation threshold of dust aggregates is proposed. In addition,
the comparison of drag-force laws for dust aggregates and loose granular matter reveals the similarities
and differences between the two materials.
Keywords: methods: laboratory — planetary system: formation — planets and satellites: formation
1. INTRODUCTION
In protoplanetary disks, dust growth from sub-
micrometer-sized monomer grains to at least kilometer-
sized planetesimals has to occur in order to initiate planet
formation. Once planetesimals have formed, their own
gravity enables them to grow towards planets in mutual
collisions. However, the scenario of planetesimal forma-
tion is not so straightforward. According to Gu¨ttler et al.
(2010) and Zsom et al. (2010), the growth of dust ag-
gregates by mutual adhesive collisions is limited to cen-
timeter size, due to bouncing rather than the sticking
collisions. Although their model was the first that com-
piled the results of numerous laboratory experiments (see
Blum & Wurm 2008, for an earlier compilation), it was
far from completion. For example, the influence of the
size ratio of colliding aggregates (Bukhari Syed et al.
2017) or erosion (Schra¨pler et al. 2017) have been exper-
imentally studied only recently and revealed new aspects
of dust-aggregate collisions.
In addition to the direct collision experiments, mechan-
ical characterizations of bulk dust aggregates have also
been performed. Compressive and tensile strengths of
dust aggregates have been measured by static labora-
tory experiments (Blum & Schra¨pler 2004; Blum et al.
2006). The projectile-penetration test as well as com-
pressive tests has also been performed (Gu¨ttler et al.
2009). Tensile strengths of dust aggregates were mea-
sured also by the Brazilian-disk test (Meisner et al. 2012).
In Meisner et al. (2012), the packing-fraction dependence
of the tensile strength and the elastic modulus based on
sound-speed measurements were obtained as well. These
mechanical properties are requisites for continuum-based
numerical modeling of dust-aggregate collisions (Sirono
2004; Gu¨ttler et al. 2009). Furthermore, these mechan-
ical properties provide guidelines to our understanding
what happens in various complex phenomena caused by
collisions of dust aggregates.
Typical values of tensile strengths obtained by the
above-mentioned experiments are on the order of 1 kPa.
This strength value is actually close to that for cometary
meteoroids (Trigo-Rodriguez & Llorca 2006). Be-
sides, the typical packing-fraction value estimated from
the bulk density of cometary nuclei is approximately
0.4 (Blum et al. 2006). This value is also in the range of
typical packing-fraction values of dust aggregates used in
laboratory experiments. Therefore, model studies with
dust aggregates could be useful to discuss physical phe-
nomena occurring on comets. To model cometary pro-
cesses by using dust aggregates, proper understanding
of their mechanical properties is necessary. Although
wet granular matter, which can be a model for cohe-
sive grains, shows similar tensile strengths on the or-
der of 1 kPa, its constituent-grain size is usually macro-
scopic (Scheel et al. 2008; Herminghaus 2013), with typ-
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ical values around millimeter scale. Therefore, as long as
we consider comets as more or less pristine objects (Fulle
& Blum 2017), dust aggregates can be regarded as suit-
able analogues of pristine materials to study cometary
processes. Namely, the mechanical characterization of
dust aggregates provides helpful information for both,
planetesimal-formation and cometary-surface processes.
Since the dust aggregates used in experiments usu-
ally consist of micrometer-sized solid (SiO2) monomers,
they can be regarded as a certain class of granular mat-
ter. Granular matter is defined as a collection of dissi-
pative solid grains. The main difference between dust
aggregates and granular matter is the role of gravity.
In macroscopic granular systems, gravity (body force)
plays an essential role. However, monomers in dust ag-
gregates are too small and too cohesive to be affected
by gravity. Due to their mutual van der Waals attrac-
tion, dust aggregates can sustain their bulk shape even
for small packing fractions. Contrastively, it is difficult
to produce aggregates with small packing fractions us-
ing macroscopic granular matter. Under small packing-
fraction conditions, macroscopic granular matter exhibits
the gaseous rather than the solid state, even under mi-
crogravity conditions. Thus, dust aggregates are intrinsi-
cally different from conventional granular matter. What
is the difference between granular matter and dust ag-
gregates in terms of mechanical properties? To answer
this question, impact tests might be useful.
Impact drag-force modeling has been used to charac-
terize mechanical properties of granular matter (Kat-
suragi 2016). For instance, the equation of motion of
a solid projectile impacting onto a granular matter,
m
d2z
dt2
= mg − kz −m
v2
d1
, (1)
has been established based on experimental results (Kat-
suragi & Durian 2007). Here, m, t, z, and v are the
mass of the projectile, the elapsed time from the im-
pact moment, the instantaneous penetration depth, and
the instantaneous velocity of the projectile, respectively;
g represents the gravitational acceleration. The relation
between the two parameters k, d1 and the system proper-
ties (e.g., projectile density, projectile size, and granular
friction) has also been experimentally revealed by Kat-
suragi & Durian (2013). For granular impacts, the depth-
dependent term kz in Eq. (1) comes from the hydrostatic
pressure of the granular target. For dust-aggregate im-
pacts, the same form can be applied as long as the pene-
tration depth is shallow (see Sect. 3.5). The termmv2/d1
relates to the momentum transfer in both cases. Note
that the vertically downward direction corresponds to the
positive direction of z in Eq. (1). Actually, the granular
impact dynamics depends on various conditions, such as
gravity (Nakamura et al. 2013; Altshuler et al. 2014) and
packing fraction of the granular matter (Umbanhowar &
Goldman 2010; Royer et al. 2011). Equation (1) has to be
improved to cover all these broader conditions. However,
the accessible range of packing fractions for macroscopic
granular matter is very limited as mentioned above. The
impact drag force for very small packing fractions has
not yet been studied well. By measuring the impact
drag force of dust aggregates with small packing fraction
and comparing that result with the granular impact case,
we can further characterize the mechanical properties of
both dust aggregates and granular matter.
In this study, we are going to examine the mechan-
ical properties of dust aggregates by impact tests with
solid projectiles. Specifically, the maximum penetra-
tion depth and the dynamic pressure during each im-
pact event are computed and analyzed to characterize
the dynamic strength of the dust aggregates. In partic-
ular, we discuss two kinds of strengths that characterize
the mechanical properties of dust aggregates in the dy-
namic regime. Using our experimental results, a simple
model to compute the compaction induced by the impact
and the fragmentation threshold will be derived. At the
same time, the drag force model of Eq. (1) is used to
explain the deceleration dynamics of penetrating projec-
tiles. Then, similarities and differences between macro-
scopic granular matter and dust aggregates are discussed
on the basis of our experimental data.
2. EXPERIMENT
Our experimental setup is very simple and is shown
in Fig. 1(a). A cylindrical dust aggregate of packing
fraction φ = 0.35, diameter 20 mm, and height 20 mm is
prepared as a target (see Blum et al. 2014, for a detailed
description of the preparation method). The cylindrical
sample is made by using a mold and piston. A fixed
amount of monodisperse spherical SiO2 grains of radius
0.76 µm is poured into a mold of 20 mm in diameter.
Then, it is compressed by a piston to 20 mm in height and
φ = 0.35. We employ monodisperse spherical monomers
since they are ideally suited for understanding the phys-
ical mechanism and future comparison to particle codes.
Although the exact mechanical properties of dust aggre-
gates depend on the shape and size distribution of the
constituent grains, their qualitative behavior is similar
between aggregates consisting of monodisperse spherical
grains and polydisperse irregular grains. The dependen-
cies of mechanical and morphological properties of dust
aggregates on monomer morphologies are basically less
than one order of magnitude (Blum et al. 2006; Bertini
et al. 2009). Further details on the material properties
of monomers and dust aggregates can be found in Blum
& Schra¨pler (2004); Blum et al. (2006).
Then, the solid projectile is dropped onto the dust-
aggregate target in a vacuum chamber in the laboratory,
i.e., under the influence of gravity. The residual pressure
in the vacuum chamber is kept at 0.10 Pa. We employ
three kinds of projectiles made of glass, steel, and lead.
A thin thread is glued on the top of the projectile to
be held by a release mechanism, which guarantees a re-
producible free fall with zero initial velocity. Diameter
D and density ρp (including thread-mass effect) of the
projectiles are (D, ρp)=(4.0 mm, 2.6 × 10
3 kg m−3) for
glass, (4.0 mm, 7.7×103 kg m−3) for steel, and (4.5 mm,
11 × 103 kg m−3) for lead. The impact velocity ranges
from v0 = 0.19 m s
−1 to v0 = 3.2 m s
−1 and is controlled
by the free-fall height of the projectile. In this study,
21 impact experiments (7 with glass, 8 with steel, and 6
with lead) were carried out with various impact veloci-
ties. The impact kinetic energy E = mv20/2 ranges from
E = 3.6×10−6 J to E = 1.1×10−3 J.
The impact of the projectile is recorded by a high-
speed camera (Photron SA-5) using a macro lens. The
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Figure 1. Experimental setup and raw data. (a) A solid projectile
hung by a thread is released from a pre-deterimed height onto a
dust aggregate in a vacuum chamber. (b) Side view images of the
impact of a glass sphere of diameter D = 4.0 mm with v0 = 2.0 m
s−1. (c) Top view of the crater created by the glass-sphere impact
shown in (b). (d) Fragmentation caused by an impact of a steel
sphere of D = 4.0 mm with v0 = 2.6 m s−1. (e) Comparison
between the measured crater cross section (solid curve) and the
spherical shape of the projectile (dashed curve). The crater is
produced by an impact of a steel sphere with D = 4.0 mm diameter
and an impact velocity of v0 = 1.7 m s−1. Mind the different scales
of the two axes.
images of size 512× 320 pixels with spatial resolution of
20 µm pixel−1 are acquired with a rate of 42, 000 frames
per second. Trimmed example images of the impacting
projectile taken by the high-speed camera are shown in
Fig. 1(b). The position of the projectile is determined
by image analysis. The image correlation of the upper
hemisphere of the projectile is used to precisely identify
the position of the projectile. Using the kinematic data
obtained by the image analysis, we derive the mechanical
properties of the target dust aggregate and drag-force law
experienced by the impinging solid projectile, as will be
shown below.
3. RESULTS AND ANALYSES
3.1. Cratering and fragmentation
When the kinetic energy of the impactor is small, only
a shallow crater is formed on the target surface. An
example of a crater is shown in Fig. 1(c). To evaluate
the crater morphology, laser profilometry is used, like
in de Vet & de Bruyn (2007). However, the accuracy
of our simple system is not sufficient to derive the de-
tailed properties of the crater, in particular its depth.
Thus, we adopt the laser-profilometry method only to
qualitatively confirm that the crater shape can be ap-
proximated by a spherical segment with the projectile’s
diameter. The comparison between the measured crater
shape and the spherical shape of the projectile is shown
in Fig. 1(e). The good agreement of two profiles means
that the crater is just an imprint of the impact. Nei-
ther excavation of target material nor ejecta splashing
by the impact was observed. The crater is formed solely
by the compression of the target dust aggregate. This
type of cratering has not been found in other low-speed
granular impact studies (see Walsh et al. 2003; Katsuragi
2010; Pacheco-Va´zquez & Ruiz-Sua´rez 2011). When the
kinetic energy of the impact exceeds a certain threshold
value, fragmentation of the target dust aggregate occurs.
An example of a fragmented dust aggregate is shown in
Fig. 1(d).
3.2. Kinematics of projectile motion
Example data of the projectile motion during impact
obtained by image analysis of the raw video data are
shown in Fig. 2. The left column exhibits a high-speed
impact (v0 = 3.2 m s
−1), whereas the right column dis-
plays a low-speed case (v0 = 0.29 m s
−1). A glass-sphere
projectile of D = 4.0 mm is used in both cases. In the
top row (Fig. 2(a,e)), the penetration depth z, which is
directly measured from the image data, is shown as a
function of time t. z = 0 and t = 0 correspond to the
initial surface level of the dust aggregate and the im-
pact moment, respectively. In the insets of Fig. 2(a,e),
the penetrating regimes are magnified so that individual
data points can be discerned.
The impact moment is identified by using the ve-
locity data v(t) shown in the second row, Fig. 2(b,f).
The velocity data are computed by differentiating z(t).
Then, free-fall lines are fitted to the obviously free-falling
regime. The free-fall portions of the trajectory with
slopes g = 9.8 m s−2 are shown as red dashed lines in
Fig. 2(b,f). The moment at which the velocity curve
deviates from the free-fall line is defined as the impact
moment (t = 0). As shown in Fig. 2(b,f), the velocity
data exhibit a very sudden decrease after the impact.
Thus, it is not difficult to identify the impact moment.
The measurement uncertainty in this experiment is esti-
mated by the uncertainty of each free-fall fitting. In the
later analyses, this fitting uncertainty is used to calcu-
late the corresponding errors with the error propagation
method.
In many impact events, a rebound of the projectile is
observed. The rebound moment and its velocity can also
be identified by a free-fall fitting. The rebound velocity
is defined by the velocity at which the projectile motion
follows the free-fall line again. The rebounding free-fall
lines are shown as blue dashed lines in Fig. 2(b,f).
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Figure 2. Example data of projectile motion during impact. The
left and right column corresponds to glass-sphere impacts with im-
pact velocities of v0 = 3.2 m s−1 and v0 = 0.29 m s−1, respectively.
From top to bottom, penetration depth z, velocity v, acceleration a,
and dynamic pressure pdy are shown as a function of time t. In
the insets of (a,e), z(t) data during the penetration are magnified
to display the individual data point. Units in the insets are iden-
tical to those used in the main plots. As normalization, we chose
t = 0 and z = 0 for the impact moment and target surface, re-
spectively. Although the difference of impact velocity between the
left and right case is more than one order of magnitude, the pen-
etration dynamics looks similar. Mind the units of km s−2 in the
acceleration data.
By differentiating v(t) once more, the acceleration a(t)
can be obtained (Fig. 2(c,g)). The acceleration data are
noisy, because the second derivative of the z(t) data was
used without any smoothing. Note that the units of the
vertical axes in Fig. 2(c,g) are km s−2. Thus, the fluc-
tuation of a(t) is much larger than g. However, we can
still confirm a clear peak in the deceleration curves.
Although the impact velocities vary by one order of
magnitude between the left and right columns in Fig. 2,
the qualitative behavior of both impacts is quite similar.
In both cases, a shallow cratering and rebound can be
observed. Using steel and lead projectiles, fragmenta-
tion of dust aggregate was observed in 4 impacts, while
the remaining 17 impacts resulted in the shallow crater-
ing. In the fragmentation cases, the breaking target and
deep penetration of the projectile prevented a reliable
measurement by image analysis. Therefore, we mainly
focus on the cratering regime in the following analyses.
3.3. Penetration depth scaling
From the peak value of z(t), we can extract the max-
imum penetration depth. The maximum penetration
depth corresponds to the crater depth since the crater is
merely an imprint of the penetrating projectile as men-
tioned in Sect. 3.1 (see Fig. 1(e)). The relation between
the maximum penetration depth zmax and the total drop
distance of the projectile H = h + zmax, where h is
the free-fall height computed from the impact velocity
through h = v20/2g, is plotted in log-log style in Fig. 3.
The straight line in Fig. 3 shows the power-law relation
zmax∝H
1/3. While the data show considerable scatter-
ing, they roughly agree with the power-one-third scaling.
A similar power-law relation was found in experiments in
which solid projectiles impacted into loose granular mat-
ter (Uehara et al. 2003; Ambroso et al. 2005). Actually,
this power-law relation simply implies that the penetra-
tion is in the strength regime (Katsuragi 2016), which
is atypical for coarse granular matter, but typical for
cohesion-dominated material.
Figure 3. Scaling relation between the maximum penetration
depth zmax and the total drop distance H = h + zmax, where
h is the free-fall height. The relation zmax∝H1/3 (straight line)
can roughly be confirmed. Error bars are computed by error prop-
agation from the uncertainties of the free-fall fitting.
The scaling relation shown in Fig. 3 also implies that
the impact energy governs the impact dynamics, since H
relates to the released potential energy. This tendency is
different from the previous study by Gu¨ttler et al. (2009),
in which the impact between a glass sphere and a very
porous dust aggregate (φ = 0.15) was experimentally
investigated. Gu¨ttler et al. (2009) found that the pene-
tration depth can be scaled rather by momentum than
by energy. In general, the momentum-dominant scaling
explains the dissipative situation better. However, the
current experimental result can be explained by energy
scaling. In Gu¨ttler et al. (2009), deep penetration of the
projectile was observed. On the contrary, shallow pene-
tration followed by rebound is the dominant outcome in
our experiment. While both experiments are dissipative,
the degree of dissipation might be different, which could
result in the different scaling relations.
3.4. Dynamic pressure
Here, we compute another quantity to characterize the
dynamic properties of dust aggregates. To derive the dy-
namic strength of the dust aggregates, we estimated the
dynamic pressure pdy. For shallow penetrations, the ef-
fect of contact between projectile and target must be
taken into account to compute the instantaneous dy-
namic pressure.
As mentioned in Sect. 3.3, the penetration dynamics is
governed by the impact energy. Thus, let us begin with
the energy conservation, i.e.,
ρpVpamax
(
V
A
)
max
=
1
2
ρpVpv
2
0 , (2)
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where Vp is the projectile volume and amax is the maxi-
mum deceleration; amax = max(|a|). V and A are the in-
stantaneous penetration (crater) volume V = π(Dz2/2−
z3/3) and the contacting cross-sectional area projected
onto the initial target surface A = πz(D − 2z), respec-
tively. Thus, (V/A)max denotes the maximum value of
the effective penetration depth. By assuming a spherical
crater shape in shallow penetration, (V/A)max can be ap-
proximated as zmax/2 by neglecting higher order terms.
Thus,
zmaxamax = v
2
0 , (3)
is obtained. This simple kinematic relation can be
checked directly against the experimental data and is
shown in Fig. 4. As expected, all data agree very well
with Eq. (3), which is free from any fitting parameters.
Figure 4. Relation between zmaxamax and v20 . The black line
indicates zmaxamax = v20 (Eq. (3)). Error bars are computed by
the error propagation from the uncertainties of the free-fall fitting.
To evaluate the dynamic pressure caused by the im-
pact, we have to estimate the volume supporting the ap-
plied pressure. Actually, Gu¨ttler et al. (2009) performed
similar penetration experiments to ours and measured
the compressed zone in the target dust aggregate by us-
ing the X-ray micro-CT method. According to their re-
sults, the volume of the compressed zone is equivalent to
0.8 - 1.2 of the projectile-sphere volume. Therefore, we
assume that the impact-affected volume corresponds to
Vp. Then, the impact energy written in Eq. (2) is equiv-
alent to max(pdy)Vp. From this assumption and Eqs. (2)
and (3), we arrive at
max(pdy) =
1
2
ρpzmaxamax =
1
2
ρpv
2
0 . (4)
Equation (4) reveals the relations between the mechan-
ical properties, kinematic values, and the initial condi-
tions, by means of the dynamic pressure. To compute
the instantaneous value of the dynamic pressure, pdy, we
extend this relation to every instant by,
pdy =
1
2
ρp|a|z. (5)
This relation is geometrically equivalent to pdy =
ρpV |a|/A in shallow penetration. The computed values
of pdy are shown in Fig. 2(d,h). Since both a and z vary
by about one order of magnitude between the left and
right columns in Fig. 2, pdy differs by about two orders
of magnitude.
3.5. Drag force characterization
To analyze the penetration dynamics, we tried to fit
the experimental data to the simple drag-force model
written in Eq. (1). Equation (1) has an analytic solution
in v-z space (Eq. (2) in Katsuragi & Durian 2013),
v2
v20
= e−
2z
d1 −
kd1z
mv20
+
(
gd1
v20
+
kd21
2mv20
)(
1− e−
2z
d1
)
. (6)
Using this analytic solution, the experimentally obtained
v(z) data can be fitted. The fitting results are shown in
Fig. 5(a-c). The colored curves are the measured data
and the gray dashed curves are the fit results. Here, the
two parameters k and d1 were taken as free fit parame-
ters. As shown in Fig. 5(a-c), all experimental data can
be very well fitted by Eq. (6). Note that the values of
k and d1 do not depend on time t, because they are de-
termined by fitting the entire shape of each curve shown
in Fig. 5(a-c). The values of the two fit parameters k
and d1 provide helpful information to discuss the physi-
cal situation of the impact.
Since the first drag-force term Fk = kz is proportional
to the penetration depth z, it relates to the deforma-
tion. For the impacts into granular matter, Fk is re-
lated to the frictional force by the depth-proportional
hydrostatic pressure and Coulomb friction of the gran-
ular target. However, the hydrostatic pressure is irrele-
vant for impacts into cohesive dust aggregates. Rather,
elastic and plastic deformations should determine Fk in
this case. Assuming that the impact energy is dissipated
by plastic deformation forming the cratering imprint, the
deformation-based force Fk = kz should be related to the
strength. To compute the relevant strength, Fk must be
divided by the contact area. The contact area of a shal-
low penetration of a sphere can approximately be written
asA≃πzD by neglecting the z2 term. Then, the analogue
of the strength can be estimated as Fk/A≃k/(πD). In
Fig. 6(a), k/(πD) is plotted as a function of the impact
velocity v0.
The second fit parameter d1 characterizes the inertial-
drag force Fin = m v
2/d1, which originates from the
momentum transfer between projectile and target. The
momentum transfer can be written as ρt v
2 D2 dt ∼
ρp D
3 dv, where ρt and ρp are the bulk densities of tar-
get and projectile, and ρp D
3 dv/dt = Fin is the inertial-
drag force based on the infinitesimal deceleration dv dur-
ing the infinitesimal duration dt. From this momentum
balance, a relation d1∼(ρp/(ρt) D) can be derived. To
characterize the inertial drag by a dimensionless number
corresponding to a drag coefficient, we plot d1ρt/(ρp D)
in Fig. 6(b). Here, the contact area is approximated by
D2 for the sake of simplicity. Although the actual contact
area is proportional to πzD, the factor πz is replaced by
a constant characteristic length scale D. Since the Fin-
dominant regime is limited to very shallow indentations
as discussed later (Fig. 5(d-f)), z can be approximated
with a constant. Thus, we replace πz with D in this case.
Although D is much greater than πz, there is no other
relevant constant length scale in the system. While the
specific value of normalized d1 depends on the choice of
the length scale, its qualitative behavior is similar as long
as the constant length scale is used.
In Fig. 6, both quantities k/(πD) and d1 ρt/(ρp D) be-
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Figure 5. Top row: instantaneous velocity v as a function of the penetration depth z of (a) glass, (b) steel, and (c) lead projectiles with
various impact energies. Colored curves indicate the experimental results while the gray dashed curves show fitting results. Bottom row:
ratio between inertial drag Fin and deformation-based drag Fk for each impact ((d) glass, (e) steel, and (f) lead) computed from the fitting
results. Except for the very early stage of impact, Fin is much smaller than Fk.
Figure 6. Normalized fit parameter values characterizing
(a) deformation-based drag k/(πD) and (b) inertial drag
d1 ρt/(ρp D). For relatively high impact velocities (v0 & 0.4
m s−1), these quantities become practically constant. Horizon-
tal dashed lines are intended to guide the eye. Error bars for
k/(πD) and d1 ρt/(ρp D) indicate the uncertainty of fitting shown
in Fig. 5(a-c). Error bars for v0 are estimated from the uncertain-
ties of the free-fall fitting.
come practically constant for relatively high impact ve-
locites (v0 & 0.4 m s
−1). The horizontal dashed lines in
Fig. 6 are displayed to guide the eye. The saturated con-
stant values are k/(πD)≃200 kPa and d1 ρt/(ρp D)≃0.3.
The former value is significantly larger than the typical
value of the dynamic strength shown in Fig. 2(d,h). The
reason for this difference is an important point to charac-
terize dust-aggregate impacts as discuss later in Sect. 4.1.
The latter value is close to unity. This means that we
appropriately characterize the inertial drag by means of
momentum transfer. Moreover, the value of d1 ρt/(ρp D)
is similar to that for the granular impact case (Katsuragi
& Durian 2007, 2013). Values slightly smaller than unity
originate in using the length scale D in the normalization
of d1. However, D is the only relevant length scale in the
localized impact compression.
The ratio of inertial and deformation-based drag forces,
Fin/Fk, can also be computed from the fitting result. The
computed ratio is shown in Fig. 5(d-f). Obviously, the
ratio exceeds unity only in the very early stages of im-
pact. In fact, only the first data point shows large Fin/Fk
values in all cases. Therefore, we can safely say that
the inertial drag is efficient only within the initial 24 µs
(= 1/42, 000 s; temporal resolution of the measurement).
After the very initial inertial-dominant regime, the dy-
namics is mainly governed by Fk. Therefore, Fk must be
the relevant parameter to estimate the penetration depth
and resultant crater shape. This tendency is consistent
with the strength-dominant cratering (penetration) pro-
cess if we consider that Fk characterizes plastic deforma-
tion.
3.6. Scaling of crater volume, restitution coefficient,
and dynamic pressure
In the strength regime, the crater volume should be
proportional to the kinetic energy E of the impact. As-
suming a spherical crater shape, we can compute the
crater volume Vc = π(Dz
2
max/2 − z
3
max/3). The relation
between Vc and E is plotted in Fig. 7(a) and shows a
clear linear relation with the slope of unity in the log-log
plot. Thus, the data suggest the relation
Vc = Y
−1
k E, (7)
where Yk is an effective strength (yield strength) char-
acterizing the cratering dynamics. We find that the
quality of scaling by Eq. (7) shown in Fig. 7(a) is bet-
ter than the scaling by zmax∝H
1/3 shown in Fig. 3.
This improvement of scaling quality suggests that the
assumption of a spherical crater is reasonable. From
the least-square fitting, the strength value is obtained
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as Yk = 120 kPa. This value agrees well with the drag-
based strength value, k/(πD) = 200 kPa (in the satu-
rated regime of Fig. 6(a)).
Figure 7. Crater volume Vc (a), restitution coefficient ǫ (b), and
maximum dynamic pressure max(pdyn) (c) as a function of kinetic
impact energy E. (a) The linear relation Vc∝E can be confirmed
and the fitting quality is better than in Fig. 3. (b) The restitu-
tion coefficient ǫ can be scaled as ǫ ∝ E−1/4. (c) The relation
max(pdyn)∝E is held in the cratering regime. Fragmentation of
dust aggregates occurs at the highest impact energies (or equiv-
alently at the largest dynamic pressures) beyond the dashed line
levels. Error bars are computed by error propagation from the
uncertainties of the free-fall fitting.
If the collision is completely inelastic without any re-
bound, these strength values originate only from the pure
plastic deformation and all the impact energy is dissi-
pated by the cratering. However, we do observe rebound
of the projectile in many impacts. For instance, rebounds
can clearly be confirmed in Fig. 2. As mentioned in
Sect. 3.2, the impact and rebound velocities v0 and v
′
can be determined by the data fitting. Then, the resti-
tution coefficient ǫ = |v′/v0| can be computed. The de-
rived values of ǫ as a function of E are shown in Fig. 7(b).
In some cases, detection of rebound is impossible due to
very small v′ or other limitations of image analysis. All
impacts for which we could identify a rebound are plot-
ted in Fig. 7(b). As can be seen, ǫ is clearly a decreasing
function of E. The straight line in Fig. 7(b) indicates a
power-law relation of
ǫ ∝ E−1/4. (8)
This relation actually conflicts with the classical theory
for the restitution coefficient associated with plastic de-
formation (Johnson 1985). While Johnson (1985) derived
the relation ǫ ∝ v
−1/4
0 , the current experimental result
suggests ǫ ∝ E−1/4 ∝ v
−1/2
0 , considerably steeper as for
classical elastic-plastic materials. The reason for this dis-
crepancy is not clear at present. The complex rheological
properties of dust aggregates may be responsible for this
restitution behavior shown in Fig. 7(b) and described by
Eq. (8).
Finally, we analyze the dynamic pressure pdy. The
maximum value of the dynamic pressure max(pdy) could
play a crucial role to characterize the mechanical prop-
erties of dust aggregates in a dynamic situation. In
Fig. 7(c), we plot max(pdy) as a function of E. Since
the data suggest a linear dependence between the two
values, we can write a relation
max(pdy) = V
−1
s E, (9)
where Vs is a constant having the dimension of a volume.
From the least-squares fitting, we get Vs = 4.6×10
−8 m3.
This volume is much greater than the typical crater vol-
ume ≃10−9 m3 and much smaller than the entire target
volume ≃6.3×10−6 m3. Rather, Vs is comparable to the
typical projectile volume Vp≃3.3×10
−8 m3. This rela-
tion Vs ≃ Vp is natural since we have assumed that the
volume supporting pdy corresponds to Vp (see Sect. 3.4).
The threshold for fragmentation can also be derived
by considering max(pdy). The estimated max(pdy) val-
ues for the fragmentation cases distribute in the top-
right corner of Fig. 7(c) bounded by the dashed lines.
This implies that, once max(pdy) exceeds a certain
threshold value, fragmentation occurs due to macro-
scopic crack propagation in the target dust aggregate.
The threshold value for our dust-aggregate targets is
p∗dy≃10 kPa (Fig. 7(c)). This value is approximately one
order of magnitude less than k/(πD) and Yk.
Note that this fragmentation threshold is not necessar-
ily identical to the catastrophic disruption limit which is
usually characterized by a largest fragment mass smaller
than one half of the original mass. Although we do not
measure the mass of the largest fragment, it is seemingly
not always less than one half of the original mass so that
p∗dy denotes the onset of fragmentation.
4. DISCUSSION
4.1. Physical meaning of the strength values
The tensile strength of dust aggregates has been de-
termined by considering the stress required to open a
crack (Blum et al. 2006). By counting the number of
monomer-monomer contacts per unit area in a dust ag-
gregate, Blum et al. (2006) obtained a form for the tensile
strength Y (Eq. (6) in Blum et al. 2006),
Y =
3φFstick
2πs20
, (10)
where Fstick and s0 are the adhesion force and ra-
dius of monomers composing the dust aggregate, respec-
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tively. Inserting typical values of φ = 0.35, Fstick =
67×10−9 N (Heim et al. 1999), and s0 = 0.76 µm (Poppe
& Schra¨pler 2005) into Eq. (10), we obtain Y = 19 kPa.
This value is quite close to the fragmentation threshold
derived by the dynamic pressure p∗dy ≃ 10 kPa. This cor-
respondence is reasonable, because both quantities Y and
p∗dy characterize the local criterion to open a crack. Once
the macroscopic crack is opened in a dust aggregate, it
will be unstable in a dynamic state and further propa-
gate until the aggregate splits. Therefore, fragmentation
takes place when the dynamic pressure exceeds the crit-
ical value p∗dy in localized impacts. However, measured
values of the static tensile strength for dust aggregates
are less than the above-estimated value (Blum et al. 2006;
Meisner et al. 2012). To explain this difference, Blum
et al. (2006) have used the energy balance as well, which
then yields a much smaller value for the tensile strength.
However, the current experimental results suggest that
the force balance is essential for estimating the tensile
strength in the dynamic impact situation.
From the linear relation between max(pdy) and the im-
pact kinetic energy E, a volume Vs(≃ Vp) can be esti-
mated as written in Eq. (9), which corresponds to the
volume that is supporting the applied stress max(pdy).
This agreement of Vs and Vp is physically reasonable from
the viewpoint of dimensional analysis. If the size of the
target is large compared to the projectile size, the rel-
evant length scale, which determines the extent of the
impact, can only be the size of projectile. Then, the
volume of the impact-affected (compressed) zone natu-
rally corresponds to the projectile volume. A similarly
affected zone can actually be observed in a horizontally-
dragged two-dimensional granular layer (Takehara et al.
2010).
In our experiments, the target volume is much greater
than the projectile volume. As already mentioned,
Gu¨ttler et al. (2009) reported that the impact-induced
compression is limited to a region approximately the vol-
ume of the projectile. That is, only the vicinity of the
impact point is compressed. In addition, it has been
shown that the boundary effect even in granular-impact-
cratering experiment is very limited (Nelson et al. 2008).
Thus, we consider the impact compression is localized to
a volume much smaller than our target and the open-
boundary effect is negligible at least in the cratering
regime. However, the fragmentation limit certainly de-
pends on the size of the target. Systematic experiments
like those by Bukhari Syed et al. (2017) are necessary
to reveal the size dependence of the fragmentation limit.
In this study, we rather focus on the fragmentation limit
using identical-size impactors in terms of the maximum
dynamic pressure. Systematic studies with target-size
variations are interesting future problems.
Recently, a periodic propagation of a localized com-
paction band has been found in a compressed crush-
able granular material (Valde`s et al. 2011; Guillard et al.
2015). The occurrence of a periodic compaction depends
on the competition among elastic, local braking, and vis-
cous timescales. Thus, if we can observe a similar oscilla-
tion with dust aggregates by controlling the compression
rate, its analysis might provide further mechanical in-
formation. Numerical and experimental studies on the
behavior of compressed zones are interesting future top-
Table 1
Strength values obtained or estimated in this study
Symbol Value (kPa) From
Yk 120 Crater shape, Eq. (7)
k/πD 200 Penetration dynamics, Fig. 6(a)
p∗
dy
10 Fragmentation threshold of pdy, Fig. 7(c)
Y 19 Stress to open a crack, Eq. (10)
ics.
In this study, we also found another type of strength
by the analyses of deformation, i.e., Eq. (7) and the
drag force fitting to Eq. (6). The two obtained values
Yk = 120 kPa and k/(πD) = 200 kPa are close to each
other and about one order of magnitude greater than the
dynamic pressure threshold p∗dy = 10 kPa. This is be-
cause the former two strengths are computed based only
on the apparent deformation, whereas the latter takes
into account the compressed zone beneath the crater as
well. In other words, one must consider not only the di-
rect deformation, like cratering, but also the compression
of the surrounding zone to properly model the strength
of very soft target materials, such as dust aggregates.
However, the projectile motion and the resultant crater
shapes are much easier to measure than the internal com-
pression caused by the impact. To estimate the impact
condition from the resultant crater shape, the effective
strength Yk is convenient. As long as the scaling of
Eq. (7) is held, the cratering process can be understood
effectively by the strength-dominant dynamics governed
by the impact energy. Strength values obtained in this
study are summarized in Table 1.
The relation between max(pdy) and Yk can be de-
rived from Eqs. (7), (9) and Vs≃Vp = πD
3/6, Yk, and
max(pdy) in the following way
Yk =
1
6
(
D
zmax
)2
ρpv
2
0 =
1
3
(
D
zmax
)2
max(pdy). (11)
Using this form and Eq. (4), we can caluclate the strength
value from the crater depth zmax and the impact velocity
v0. To apply these forms, the projectile diameter D and
its density ρp must be constant, i.e., the projectile has to
be much harder than the target. Then, the value of Yk
can be estimated even from a single penetration test. To
derive the fragmentation threshold p∗dy, however, one has
to search for the threshold impact velocity v∗0 at which
the fragmentation begins to occur. Once we obtain v∗0 ,
the strength can be estimated by Eq. (4).
To build a model unifying these strength values, sys-
tematic studies by experiments and numerical simula-
tions are still needed. We have fixed the packing fraction
of the dust aggregates in this experiment. In addition,
our experiments were performed only under the influence
of gravity. Variations of packing fraction and gravita-
tional effect are crucial research topics to improve the
model.
4.2. Possible applications in astrophysics
In our experiments, we used dense solid projectiles,
whereas in previous studies, mutual collisions of similar
dust aggregates have mainly been investigated to directly
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simulate the planetesimal formation process. Collisions
between objects of very different densities in protoplane-
tary disks might be not be the rule, they still might hap-
pen, e.g., when dust aggregates collide with chondrules
(Beitz et al. 2013) or CAIs. Recently, Bukhari Syed et al.
(2017) have experimentally shown that the size ratio of
colliding dust aggregates is an important factor for the
collisional outcome. In addition to the size ratio, the
density ratio of two colliding bodies might also affect the
result of mutual collisions. For example, in more ener-
getic impact-cratering experiments with a dust-aggregate
projectile, ejecta coming from all over the target sur-
face were observed (Wurm et al. 2005). However, we
did not recognize such ejection in our experiments. In
the high impact-energy regime, fragmentation of the tar-
get is induced rather than the enhanced ejection of dust.
To understand this difference, the influence of projectile
density and structure have to be studied.
Since this work aims at discussing the fundamental me-
chanical properties of dust aggregates in the dynamical
state, we employed a solid-projectile impact as a kind of
the simplest test case. Although the collision outcomes
could depend on the size and/or density ratio of the col-
liding bodies, we believe that the energy-based descrip-
tions, like Fig. 7, and the correct strength values should
basically be universal in terms of local dynamics around
the impact point. Using our current result, we can esti-
mate the deformation and volume of the compressed zone
around the impact point. The specific model to calculate
the compression and the onset of fragmentation will be
discussed in the next section (Sect. 4.3).
Repeated impacts of the type of impacts studied here
may cause surface compaction and would render the tar-
get aggregate into a soft core with a hard shell around, as
studied by Weidling et al. (2009). Such a process could
induce a history dependence in dust-aggregate growth.
Further systematic studies are necessary to discuss the
importance or unimportance of surface compaction due
to the low-energy impacts.
As for cometary, asteroidal or lunar surface processes,
it is known that their surfaces experience various impacts
with objects of different size, density and impact velocity,
as well as the fall-back of excavated material that leads to
the formation of loose regolith layers. To properly sim-
ulate the formation and compaction of regolith surfaces,
a good knowledge of the impact physics into granular
matter is required. Examples of applications of experi-
mental impact studies such as the one described in this
paper are high-velocity impacts into asteroidal surfaces
with and without regolith (see, e.g., Beitz et al. 2016) or
dust-aggregate impacts into granular matter (see, e.g.,
Planes et al. 2017).
4.3. Modeling of compaction and fragmentation of dust
aggregates
By using the results obtained so far, we propose a sim-
ple model to estimate the fragmentation threshold and
surface compaction induced by an impact into a dust ag-
gregate. First, the fragmentation-threshold strength of
dust aggregates can be estimated by Eq. (10). If the
maximum dynamic pressure computed by Eq. (4) ex-
ceeds this fragmentation threshold, fragmentation occurs
for homogeneous dust aggregates. From the current re-
sults, we cannot estimate the largest fragment mass and
fragment-mass distribution. However, these properties
were derived by Bukhari Syed et al. (2017) for aggregate-
aggregate collisions. If the maximum dynamic pressure
is less than the fragmentation threshold, compaction is
induced. In these impact cases, a volume corresponding
to the projectile volume Vp is compressed to Vp−Vc, the
compaction proceeds by a factor Vp/(Vp − Vc). Equa-
tion (7) provides the recipe to compute Vc. Although
the value Yk = 120 kPa can be used for now, it is truly
applicable for φ = 0.35 only. The dependence of Yk on
the volume filling factor must be revealed in future stud-
ies to complete the compaction modeling. The simplest
approximation is Yk(φ)≃120φ/0.35 (kPa). If the geomet-
rical condition at the fragmentation threshold D/z∗max in
Eq. (11) is independent of φ, this approximation is plau-
sible, because p∗ is proportional to φ in Eq. (10). Then,
Vc, which is a key factor to calculate the compaction, can
be estimated with Eq. (7). By assuming many random
impacts, patchy-compacted surfaces result in an inhomo-
geneity of the dust aggregates. To discuss the collision
outcomes of inhomogeneous dust aggregates, more com-
plex (history-dependent) impact tests are required both
by experiments and numerical simulations. Our study
provides only the first-step of modeling for such com-
plex modes of dust-aggregate growth in the planetesimal
formation stage.
4.4. Drag-force comparison with granular impact
The projectile motion in this study can be fitted well
by Eq. (6), which has been proposed to explain the gran-
ular impact drag force. The two normalized fit parame-
ters roughly become constant in the high-speed regime of
our impacts (Fig. 6), but are velocity dependent in the
low-speed regime. This variation probably comes from
the elastic effect of the dust aggregates. As shown in
Fig. 7(b), most of the impacts result in the rebound of
the projectile, which is the elastic response of the com-
pressed dust aggregate. The restitution coefficient de-
pends on the impact energy (see Fig. 7(b)). When the
impact energy is small, the restitution coefficient is rel-
atively large. Therefore, the impacts possess an elastic
as well as a plastic component. However, k/(πD) can
basically be understood by considering the plastic de-
formation of cratering, as discussed in Sect. 3.5. For
small impact energies, the effect of elastic deformation
is enhanced and added to plasticity-based k/(πD) value.
This is a possible reason for the variation of k/(πD) in
the small v0 regime. This partially elastic effect might
also strengthen the inertial drag. The pseudo decrease of
d1ρt/ρpD could stem from this effect. From the experi-
mental data, we consider ǫ.0.15 is sufficient to apply the
simple drag-force model with constant parameter values.
In impact into granular matter, Fk originates from the
frictional effect. In this study, however, the principal
effect to cause Fk corresponds to plastic deformation.
Both frictional and plastic effects are dissipative. How-
ever, the form Fk = kz is similar to the elastic behavior
in terms of the equation of motion. In this sense, the
drag force model Eq. (1) should be improved. In fact,
the value of k in the granular impact cannot be fully ex-
plained by the simple Coulomb friction and hydrostatic
pressure (Katsuragi & Durian 2007, 2013). Usually, the
dissipative effect can be modeled by a rate-dependent
term in the equation of motion. While we have a v2-
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dependent term in Eq. (1), the v-dependent term is ab-
sent. Although the absence of the v-dependent term re-
lates to the rate-dependent granular viscosity (Katsuragi
2016), a v-dependent term improves the model in some
cases (Nakamura et al. 2013). At present, Eq. (1) can
explain the motion of projectile very well both in gran-
ular and dust-aggregate impacts, at least as an empir-
ical model. Furthermore, the form of Fk is consistent
with the energy scaling in the strength-dominant regime,
Eq. (7). To build more precise drag-force models, rate-
dependent rheological properties should be studied in de-
tail.
5. CONCLUSION
A simple experiment to characterize the dynamic me-
chanical properties of dust aggregates was performed.
We dropped a solid spherical projectile onto a dust aggre-
gate and measured the motion of the impinging projec-
tile by using a high-speed camera. The experiment was
performed in a vacuum chamber under the influence of
gravity. From the acquired high-speed images, temporal
developments of position z, velocity v, acceleration a of
the projectile, as well as the dynamic pressure pdy were
computed using image analysis. By varying the impact
velocity and the density of the projectiles, the impact
energy E was varied over two orders of magnitude. In
the relatively low impact-energy regime, the impact re-
sults in a spherical-indent cratering without any ejection
of dust. In this cratering regime, rebound of the pro-
jectile can also be observed. When the impact energy is
large enough, fragmentation of the target dust aggregate
is caused. To break the target, the dynamic pressure
must exceed the threshold value of p∗dy≃10 kPa. This
critical dynamic pressure can be explained by the stress
to open a crack. From the relation between crater vol-
ume Vc and impact energy E, an effective yield strength
Yk = E/Vc = 120 kPa can be obtained, which relates
to the plastic deformation of the target aggregate and
whose value is consistent with the drag-based strength
k/(πD) = 200 kPa. Here, the value of k is computed
from the fitting of kinematic data to Eq. (6). Another fit
parameter in Eq. (6), d1, indicates that the inertial drag
is less important for dust-aggregate impacts, except for
the very initial stage of the impact. From the relation
between the maximum dynamic pressure max(pdyn) and
impact energy E, it turned out that the volume com-
pressed by the impact Vs = E/max(pdyn)≃4.6×10
−8 m3
is close to the projectile volume Vp. These results provide
fundamental understandings about mechanical proper-
ties of dust aggregates in the dynamic state. A simple
model estimating the fragmentation threshold and the
compaction degree of the impacted dust aggregate is pro-
posed on the basis of our experimental result.
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